Glycosylation is an important posttranslational modification affecting more than 50% of eukaryotic proteins. In particular, fucosylation has been recognized as an important glycosylation event. L-Fucose is often a terminal sugar in glycans that participate in important cell-cell interactions and cell migration processes in connection with physiological and pathological processes, such as fertilization, embryogenesis, lymphocyte trafficking, immune responses, and cancer metastasis. The investigation of fucosylated glycans in healthy and disease processes is therefore of great interest. However, unlike DNA or protein molecules, cellular glycans are not produced by a template-driven process and are thusly complicated and heterogeneous. Therefore, new and facile chemical approaches are required to address glycomics. Here we report novel click-activated fluorescent probes based on 1,8-naphthalimide, which selectively labels L-fucose analogs by a Cu(I)-catalyzed azide-alkyne ligation (Fig. 1A) . In addition, we demonstrate that this click-activated fluorogenic labeling technique is sufficiently sensitive and selective to visualize fucosylated glycoproteins in whole cells (Fig. 1B) .
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Several methods have been developed to label chemically modified sugars in glycoproteins, including ketone-aminooxy/hy-drazide ligation, Staudinger ligation, and Michael addition. These methods entail multistep procedures that use secondary fluorescent dyes for visualization, which often causes high background noise that is difficult to remove from intracellular environments or tissues. An ideal alternative would be a fluorogenic reaction, where the ligated product generates a strong detectable signal, while unreacted reagent remains traceless. Our objective, therefore, focused on a bioorthogonal labeling approach based on the Cu(I)-catalyzed [3 + 2] cycloaddition reaction. Desirable features of this reaction include small, stable coupling partners (the azide and alkyne), fast reaction rates, and the Abstract Glycomics is emerging as a new field for the biology of complex glycoproteins and glycoconjugates. The lack of versatile glycan labeling methods has presented a major obstacle to studying glycoconjugates. To address this issue, we developed a novel fluorescent labeling technique based on the Cu(I)-catalyzed [3 + 2] azide-alkyne cycloaddition (click chemistry), which allows rapid, versatile, and specific covalent labeling of cellular glycans. The method entails generating fluorescence from a non-fluorescent precursor, 4-ethynyl-N-ethyl-1,8-naphthalimide, by clicking it with an azido-modified sugar. Using this labeling technique, we demonstrate incorporation of 6-azidofucose into glycoconjugates in cells by the click-activated fluorogenic, or biotinylated alkyne probes. This technique will allow dynamic imaging of cellular fucosylation and facilitate studies on fucosyl glycoproteins and glycolipids.
formation of a triazole unit that modulates the fluorescent emission response of the probe via electron-donating properties. Our fluorogenic probes (1a and 1b), based on 4-amino-1,8-naphthalimide, were designed for click-activated fluorescent properties with either an azide or alkyne moiety attached at the 4-position, a known position that when substituted with an electron-donating group can strongly enhance the fluorescent properties. This design provides an opportunity to react the probe with a fucose analog having the corresponding azido or alkynyl functionality.
The de novo and salvage pathways have been proposed in the biosynthesis of the fucose donor, GDP-fucose, which is used in the elaboration of fucosylated oligosaccharides (Fig. 2) . The de novo pathway, which is believed to be the primary source of GDP-fucose, uses GDP-mannose as a starting point. The salvage pathway contributes additional GDP-fucose by the action of fucokinase and GDP-fucose pyrophosphorylase, which act on fucose derived from extracellular and lysosomal sources. We speculated that the fucose analogs with small azido/alkynyl groups could be incorporated into glycoproteins via the salvage pathway. Also, based on the reports that fucosyltransferases have broad tolerance for 6-substituents, azido/alkynyl functionalities were chosen to place at position 6 on fucose
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To demonstrate that the naphthalimide probes can be used to specifically label fucosylated glycoproteins, we investigated the labeling of azide-tagged glycoproteins expressed on the cell surface using the alkyne click-activated probe 1a. Jurkat cells were cultured in the presence of peracetylated control fucose (3) or 6-azidofucose (4), in an effort to incorporate the analog via the salvage pathway. After incubating for 3 days, the cells were labeled with 1a in the presence of Cu(I), and the fluorescence intensities were measured by flow cytometry. The azidofucosetreated cells exhibited a distinct increase in fluorescence when compared to the cells treated with natural fucose (Fig. 3) . This suggests that the increase in fluorescence intensity results from specific fluorogenic modification of azido-glycans. To exclude the possibility that the observed fluorescence was generated by free azidofucose, cells were treated with tunicamycin, an inhibitor of N-linked glycoprotein biosynthesis. As shown in Fig. 3 , tunicamycin treatment shifted the entire population to lower fluorescence, indicating that most of the azidofucose was incorporated into Nlinked glycoproteins via the biosynthetic pathway.
Next, fluorescence microscopy was employed to demonstrate the labeling of intracellular fucosylated proteins. Hep 3B cells were incubated with peracetylated 6-azidofucose, fixed with acetone, and labeled with 1a for visualization. Compared to the cells incubated with control fucose (Fig. 4A) , a distinct punctate labeling pattern was observed in cells incubated with azidofucose (Fig. 4B ). Double staining with Wheat Germ Agglutinin (WGA) showed the punctate pattern marks Golgi apparatus (Fig. 5 ).
These data further document the specific nature and sensitivity of our fluorogenic probe allowing visualization of fucosylated glycoproteins in whole cells.
Altered fucosylation of glycoproteins has been observed in several pathological processes including inflammation and tumorigenesis. Indeed, fucosylation of certain proteins, which is believed due to changes in expression locations and levels of fucosyltransferases, serves as a marker of carcinoma progression and prognosis. Thus, identification of specific fucosylated glycoconjugates associated with diseases is of great importance. Our click-activated fluorogenic labeling technique permits imaging of fucosylated glycoconjugates at the cell surface and inside the cell. Combining with alkynyl biotin probes that allow for affinity purification of labeled
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